ABSTRACT An innovative method is presented to measure the mechanical driving point impedance of biological structures up to at least 40 kHz. The technique employs an atomic force cantilever with a ferromagnetic coating and an external magnetic field to apply a calibrated force to the cantilever. Measurement of the resulting cantilever velocity using a laser Doppler vibrometer yields the impedance. A key feature of the method is that it permits measurements for biological tissue in physiological solutions. The method was applied to measure the point impedance of the organ of Corti in situ, to elucidate the biophysical basis of cochlear amplification. The basilar membrane was mechanically clamped at its tympanic surface and the measurements conducted at different radial positions on the reticular lamina. The tectorial membrane was removed. The impedance was described by a generalized Voigt-Kelvin viscoelastic model, in which the stiffness was real-valued and independent of frequency, but the viscosity was complex-valued with positive real part, which was dependent on frequency and negative imaginary part, which was independent of frequency. There was no evidence for an inertial component. The magnitude of the impedance was greatest at the tunnel of Corti, and decreased monotonically in each of the radial directions. In the absence of inertia, the mechanical load on the outer hair cells causes their electromotile displacement responses to be reduced by only 10-fold over the entire range of auditory frequencies.
INTRODUCTION
Magnetically coated cantilevers are typically used either for so-called magnetic force microscopy, where a magnetic sample surface (e.g., a computer hard disk) is scanned in noncontact mode and differently magnetized domains lead to a detectable change in force on the cantilever (e.g., Hartmann, 1999) , or in force modulation mode with the probe being actuated by a magnetic field rather than a piezoelectric actuator (e.g., Florin et al., 1994) . Mechanical properties of biological samples have also been studied by applying a magnetic force or torque to magnetic beads adhering to the sample surface (e.g., Freeman et al., 2003a; Mijailovich et al., 2002) . These methods are used: 1), statically, where the force on the probe at one scanning location is time-independent; 2), at low frequencies of a few hundred Hz; or 3), at the resonance frequency of the cantilever.
Broadband impedance measurements are complicated, however, by the necessity to calibrate the impedance of the magnetic probe. Here we present a technique to calibrate a ferromagnetically coated atomic force cantilever in fluid up to 40 kHz. Then we used the magnetically actuated cantilever to determine the point impedance of a biological sample-specifically, the organ of Corti-over its entire, physiologically relevant frequency range.
In auditory research a point has been reached (for review see Robles and Ruggero, 2001) where focus has turned to the local nanomechanics of the cochlear partition, especially for the following.
1. The interplay between basilar membrane, organ of Corti, and tectorial membrane (Allen, 1980; Cai et al., 2003; Cooper and Rhode, 1995; Dallos, 2003; Freeman et al., 2003a; Gummer et al., 1996; Hemmert et al., 2000; Hubbard, 1993; Hubbard et al., 2003; Kolston, 1999; Mammano and Nobili, 1993; Mammano and Ashmore, 1993; Neely and Kim, 1986; Nobili and Mammano, 1996; Richter and Dallos, 2003; Steele and Puria, 2003; Zwislocki, 1980) . 2. The deformation of the organ of Corti itself Fridberger et al., 2002; Hu et al., 1999; Karavitaki and Mountain, 2003; Mountain, 1998, 2001; Richter and Dallos, 2003; Scherer et al., 2003; Ulfendahl et al., 2001 Ulfendahl et al., , 2003 . 3. The generation of electromechanical force by outer hair cell somata (Ashmore, 1987; Brownell et al., 1985; Dallos et al., 1993; Frank et al., 1999; Hallworth, 1995; Iwasa and Adachi, 1997; Mountain and Hubbard, 1994; Russell and Schauz, 1995) and their stereocilia (Hudspeth, 1997; Hudspeth et al., 2000; Hudspeth, 1999, 2001; Martin et al., 2000 Martin et al., , 2003 Zweig, 2003) .
These processes are thought to form the basis of the so-called cochlear amplifier, the correct function of which is a prerequisite for the extraordinary sensitivity, frequency selectivity, and dynamic range of the mammalian auditory system.
To elucidate the biophysical basis of cochlear amplification, the point impedance of the organ of Corti in situ was measured over the entire auditory frequency range. An innovative technique using a ferromagnetically coated atomic force cantilever to deliver a calibrated mechanical force was developed for this purpose. The technique yielded the viscoelastic properties of the organ of Corti.
MATERIALS AND METHODS

Measurement principle
For sufficiently small displacement amplitudes it is reasonable to assume a linear relationship between a point force F on the organ of Corti and the resulting displacement x (or velocity v) of that point in the same direction as the force (linearity was confirmed experimentally; see Discussion); that is, F ¼ Kx or F ¼ Zv, where K is the generalized complex stiffness, and Z is the impedance. For a harmonic time dependency, v ¼ ivx and, thus, K ¼ ivZ, with i ¼ ffiffiffiffiffiffi ffi ÿ1 p and v the radial frequency. To find Z, or equivalently K, we determined experimentally the mechanical impedance: 1), of the free swinging tip of an atomic force cantilever, Z eq , at a short distance (13 mm) from the preparation and 2), of a system consisting of the same cantilever with its tip in contact with the specimen, Z cont (Fig. 1) . The impedances were found by applying a magnetic force to a ferromagnetic cantilever and simultaneously measuring the velocity of the cantilever tip. From the difference in impedance between the noncontact and the contact modes, we calculated the point impedance of the organ of Corti at the point of contact. In general, Z and K will depend on the frequency of the applied forcemeasurements were made in the range from 480 Hz-40 kHz. Above 40 kHz, standing acoustic waves formed between the measuring chamber and the objective, leading to an uncontrollable additional force on the cantilever.
Atomic force cantilevers with a ferromagnetic cobalt coating are available commercially (type SC-MFM, Team Nanotec, Villingen-Schwenningen, Germany). The cantilevers, which were made of silicon, have a rectangular shape with length 215 mm, width 35 mm, and thickness ;2 mm; the Co-coating has a thickness of 50 nm. The tip-diameter of the cantilever was enlarged from the typical value of ;10 nm to ;0.5-2 mm by scratching the tip over a glass surface. The profile of the tip was examined in a separate set of experiments using an electron microscope (LEO 912, Oberkochen, Germany) ; the reproducibility of the profile and diameter of the enlarged tip was ensured by the crystalline structure of the Si; surface irregularities in the profile were less than 10 nm in magnitude. The cantilevers were slightly transparent when illuminated with white light in the experimental setup (Fig. 1) , so that the tip appeared as a dark spot when viewed from the reverse side. This was used to position the tip precisely on the desired place.
The organ of Corti was described mechanically by an equivalent (Norton) point impedance, Z OC , between the measured point on its upper surface and ground. In the absence of electrical stimulation, the outer hair cells do not produce electromechanical force and, therefore, the organ of Corti does not contain a force source.
The mechanical stimulus with a magnetic area force applied to the cantilever was described by an equivalent point force source, F eq , and an equivalent point impedance, Z eq , connected between the tip of the cantilever and ground. A calibration procedure for F eq and Z eq is described in the next section.
Since the cantilever tip is in contact with the organ of Corti at only one point, namely at the point for which the equivalent impedances and force are considered, Z eq and Z OC are independent of each other and do not change when contact is established. Therefore, the total impedance that is driven when the magnetic force is applied while the cantilever tip is in contact with the organ of Corti is Z cont ¼ Z eq 1 Z OC . Since F eq and Z eq are known and Z cont ¼ F eq /v cont can be found by measuring the velocity v cont of the cantilever tip in the contact mode, Z OC was calculated as Z OC ¼ Z cont -Z eq .
The signal/noise ratio (SNR) for Z OC is largest when the cantilever is soft compared with the sample; that is, when Z eq is much smaller than Z cont , because then the difference Z cont -Z eq is large. In contrast, for a hard cantilever with Z cont Z eq , the difference becomes small while the noise remains the same, and consequently the SNR is poor. Therefore, we used the softest cantilevers that we could obtain: one with a spring constant of 1.20 N/m for the first 21 preparations (first and second cochlear turns) and one with a spring constant of 1.59 N/m for the remaining nine preparations (third cochlear turn).
Determination of contact
Contact between the cantilever and the sample was established by bringing the reticular lamina-the upper surface of the organ of Corti-into microscope focus and then approaching the cantilever until a visible deformation of the reticular lamina had occurred. Typically, the indentation had a depth of 1 mm, as measured from a direction perpendicular to the laser beam with a self-made second microscope; the objective was a W253/N with NA of 0.45 described in Maier et al. (1997) ; the tubus lens had f ¼ 160 mm, and the ocular was 12.53 with f ¼ 20 mm. This allowed the sample indentation to be visualized while establishing contact. We attempted a second method to determine the instant of contact, namely by stimulating the cantilever magnetically and monitoring the velocity phase while the cantilever was approached. However, it was difficult to clearly identify the instant of contact by this method because there was no obvious phase-jump upon contact; instead, because of fluid coupling to the surface of the organ of Corti, the phase changed only gradually as the surface was approached (,0.5°/mm over a distance of ;17 mm before contact).
FIGURE 1
The sample consisted of approximately one half of a cochlear turn, including modiolus bone, basilar membrane, and overlying organ of Corti. The tectorial membrane was removed and the preparation was placed on a plastic support in such a way that the basilar membrane was lying flat on the support. The modiolar bone was fixed to the support with vaseline. The (atomic force) cantilever, with its tip in contact with the upper surface of the organ of Corti, was used to determine the point impedance of the organ at the contact point. The laser beam was used for measuring cantilever velocity. A microscope objective located above the measurement site enabled the laser beam to be focused on the cantilever at the same time as observing the sample. The focus of the laser beam was in the focal plane of the microscope. Both experimental chamber and cantilever could be moved independently with motorized micromanipulators (Luigs and Neumann, Ratingen, Germany), to establish contact between organ of Corti and cantilever. The (inhomogeneous) magnetic field was generated by a coil (shown in Fig. 2 ) below the preparation and acted upon the magnetic moment of the cantilever to deliver a mechanical point force to the organ of Corti.
Equivalent impedance and force calibration
In the following, reference is repeatedly made to equations given in Scherer et al. (2000) , which are denoted here as Eq. S-n, where n is the number of the equation; these are reproduced in the Appendix. The theory of cantilever vibrations is taken from Sader (1998) .
The magnetic force is an area force, because the ferromagnetic coating covers the entire tip side of the cantilever. The inhomogeneity caused by the tip coating was neglected. Calibration was carried out after blunting the tip. In the case of a harmonic magnetic field with angular frequency v, the force per unit length is given by
where F 0 is the total magnetic force on the magnetic moment of the entire cantilever, L is the length of the cantilever, and t is time. 
where j is the scaled coordinate along the cantilever, j 0 the location of the tip, E the Young's modulus of the cantilever material, I the area moment of inertia, and b the internal damping factor of the cantilever and G(j,j#,B(v)) is Green's function, Eq. S-20, to the differential equation of the cantilever, Eq. S-16. B(v) includes the fluid, inertial, and elastic forces on the cantilever and is given by Eq. S-17. The equivalent point impedance of the cantilever at its tip is given by Eq. S-27 as Z eq ðj 0 ; vÞ ¼ EIð1 ÿ ivbÞ ÿivL 3 Gðj 0 ; j 0 ; BðvÞÞ ;
and the equivalent point force is expðÿivtÞ: (4) This means that Z eq (v) and F eq (v) can be calculated if F 0 (v) and B(v) are known for the situation where the cantilever is near the organ of Corti. However, B(v) is known from theory only if the cantilever is in air or is in an infinitely extending fluid. In our case, the organ is in a solution (Hanks' balanced salt solution) and the cantilever is near the sample. Therefore, a calibration procedure was developed to establish F 0 (v) and B(v).
To find F 0 (v), the magnetically induced velocity of the cantilever tip in air was measured with the cantilever in its usual position within the experimental chamber (200 mm above the support). This velocity spectrum, v air (v), together with the theoretical B air (v), were substituted into Eq. 2, which was then solved for F 0 (v). F 0 (v) depends only on the magnetic moment of the cantilever and on the magnetic field. Since the magnetic field does not change in the solution (see Magnetic Force Generation), F 0 (v) is the same in fluid and air.
To find B(v) in the actual measurement situation, the velocity spectrum of the noncontact mode in fluid was measured (cantilever 13 mm above the sample). This velocity spectrum, v free (v), together with F 0 (v) as determined above, were substituted into Eq. 2, which was then solved numerically for B(v).
Finally, the equivalent impedance and force in the measurement situation were calculated from Eqs. 3 and 4.
Velocity measurement
Velocity was measured with a laser Doppler vibrometer (LDV, OFV-302, wavelength 633 nm, power 1 mW) equipped with a demodulator (OFV-3000, bandwidth 100 kHz), both from Polytech (Waldbronn, Germany). The laser beam was focused on the sample by coupling it into the optical path of an upright microscope (Axioskop 2FS, Zeiss, Jena, Germany) via a beam splitter (AHF Analysentechnik, Tübingen, Germany), which was highly reflective only above 590 nm, but transparent for shorter wavelengths (Fig. 2) . This allowed microscopic observation while the laser was focused on the sample. Since the reflectivity of the beam splitter for the laser wavelength was ,100%, the laser spot could be seen through the ocular. The microscope objective was a water-immersion objective with magnification 403, numerical aperture 0.8, and working distance 3.61 mm (Zeiss Achroplan, Jena, Germany). The laser spot had approximately a Gaussian profile, with full-width at 1/e 2 of maximum power of 0.63 mm (quantified with a knife-edge method). From the measured velocity, v(t), the velocity spectrum v(v) was obtained via fast Fourier transformation and the displacement spectrum calculated as a(v) ¼ v(v)/iv. The velocity spectrum was corrected for the measured transfer function of the LDV. The noise floor of the measurement system, quantified as displacement amplitude, was derived from the cantilever velocity measured with the tip in contact with the support. The noise floor decreased from 10 ÿ2 nm at 480 Hz to 10 ÿ4 nm at 76 kHz (effective averaging time: 25 s).
Magnetic force generation
The cantilever was magnetized with a strong NdFeB permanent magnet in the direction of its deflection (Fig. 1) . The magnetic field was generated by a cylindrical coil (length 3 mm, diameter 4-10 mm, 120 windings of FIGURE 2 The beam from the laser Doppler vibrometer (LDV) was coupled into an upright microscope via a beam splitter, transparent below 590 nm, and focused on the atomic force cantilever (AFL). The tip of the AFL could be seen as a dark spot through the slightly transparent AFL, allowing the tip to be accurately positioned on its target. The digital-toanalog converter (DAC) is for the driving voltage for the coil, amplified with a wide-band audio amplifier. A 0.9 V-resistor (R) was inserted between the coil and ground to monitor current. Analog-to-digital converters (ADC) are for velocity and current data. Not illustrated is the second microscope used for measuring the indentation of the organ of Corti resulting from contact with the tip of the AFL; its optical axis was directed orthogonal to the direction of the laser beam.
0.22-mm varnished Cu wire), with the cantilever tip placed near the central axis of the coil at a distance of 2 mm from the end of the coil (Fig. 2) . The magnetic moment of the cantilever thus experiences a dipole force in the magnetization direction. The coil was driven by an audio amplifier (Onkyo A-905X, ONKYO Europe Electronics, Gröbenzell, Germany) with a 3-dB bandwidth of 100 kHz. The RMS-current through the coil was set to 600 mA, corresponding to a peak current of 2 A, with the standard multitone driving voltage (see next section). Since the magnetic field strength is proportional to the coil current, the latter was measured via a 0.9-V resistor in the current path (Fig. 2) . The voltage at the resistor was recorded simultaneously with the velocity signal (voltage output) of the LDV, so that the measured velocity could be normalized to coil current (and thus field strength). In this way, all measurements were truly comparable, irrespective of the amplifier gain. By placing a second coil on top of the stimulation coil and monitoring the induced voltage, it was confirmed that filling the chamber with Hanks' balanced salt solution did not affect the frequency response of the generated magnetic field.
Signal processing
Magnetically induced displacement amplitudes of the cantilever were on the order of 1 nm and, therefore, a linear relationship between force and displacement (or velocity) could be safely assumed; this was also verified experimentally (Discussion). Consequently, instead of stimulating with a single frequency, the coil current (and thus the magnetic force) was chosen to be a multitone signal. It contained 81 frequency components between 480 Hz and 70 kHz, which were spaced almost logarithmically with a ratio of 1.07 between adjacent frequencies. The frequencies were shifted somewhat to exclude the coincidence of a stimulation frequency with one of the first four harmonics of a lower frequency, thereby reducing contamination of the measured velocity spectrum with harmonic distortion products. If the frequency components of the driving voltage U drv for the coil were each chosen to have unity amplitude, but random phase, then
where t is time, f k is the k th frequency, U 0 is a scaling factor, and u k is the randomly distributed phase of the k th frequency component. The cantilever exhibits a resonance at 10-20 kHz in fluid. Therefore, to maximize the SNR for the measured velocity at all frequencies, the cantilever response was compensated for by weighting the stimulus with a function W(v), which was approximately the inverse of the cantilever response at
For our cantilevers, the equation
yielded a measured velocity that remained within one order-of-magnitude over the entire frequency range. The minimum value of W ¼ 1 is at v ¼ 2p 3 10 4 rad/s, the approximate resonance frequency of the cantilever in fluid. With this stimulus, the peak amplitude of the voltage signal was a factor-of-53 greater than the amplitude of the frequency component with W ¼ 1. U 0 was chosen so that the displacement amplitude per spectral point was ;1 nm.
The stimulus voltage was generated with an arbitrary waveform generator (AWG; Hewlett-Packard E1445A, Böblingen, Germany).
The voltage output of the LDV coding the cantilever velocity and the voltage across the 0.9-V resistor coding the coil current were digitized simultaneously with a 4-channel, 16-bit resolution, 196-kHz sample rate analog-digital converter (Hewlett-Packard E1433A). The data blocks had a size of 8192 samples. The beginning of data input and output was synchronized via trigger lines so that multiple data blocks could be averaged in the time domain.
Both averaged input data blocks (velocity and current) were fast-Fouriertransformed and saved to files. Velocity data were corrected off-line for the measured frequency response of the LDV and normalized to the coil current. The impedance Z was then calculated from the velocity v (per unit coil current) and the force F eq , which was also calibrated relative to the coil current (see Equivalent Impedance and Force Calibration, above), according to Z ¼ F eq /v, so that the coil current cancels out.
The measurement software was written in VEE (Hewlett-Packard) and the off-line data processing software in Mathematica (Wolfram Research, Champaign, IL). Nonlinear least mean-square fitting was performed with the Levenberg-Marquardt algorithm. Fit parameters are given as mean 6 SD. Tests of statistical significance were performed at the 95% confidence level.
Animal preparation
Preparations were made from the first three turns of the adult, pigmented guinea-pig cochlea, corresponding to distances of 3.8-13 mm from the round window (Fernández, 1952; von Békésy, 1960) . Young female animals were used, weighed 300-400 g, had a positive Preyer's reflex, and were killed by rapid cervical dislocation. The preparation included the modiolar bone, basilar membrane, and overlying organ of Corti of a half to a full turn (Figs. 1 and 3 ). The tectorial membrane was removed with an ultrafine needle. Care and maintenance of the guinea pigs was in accordance with institutional and state guidelines. During preparation and experiment the sample was kept in Hanks' balanced salt solution (Sigma, supplemented FIGURE 3 Cross section of the organ of Corti (schematic, from the second cochlear turn) showing the eight recording positions in the radial direction. ISC, inner sulcus cells; IHC, inner hair cell; ToC, tunnel of Corti; 1st-3rd, rows of outer hair cells; OT, outer tunnel; and HeC, Hensen's cells. The basilar membrane (BM) lies flat on the support, and is held in place by hydrodynamic forces. The support was tilted, so that the reticular lamina was approximately parallel to the focal plane of the microscope and the long axis of the cantilever. Cells within the ISC are not depicted. SL, spiral lamina; DC, Deiters' cells. Nonshaded areas depict fluid spaces. The cantilever is drawn approximately to scale. with 4.1 mM NaHCO 3 and 10 mM HEPES buffer, adjusted to 310 6 10 mOsm and pH 7.38 6 0.02).
The organ of Corti was mounted on a custom-made support within the experimental chamber (Fig. 1) . The design of the support was such that the basilar membrane was lying on its tympanic surface. Relative motion between basilar membrane and support was negligible, as ascertained by measurements of basilar membrane velocity with the LDV in response to cantilever stimulation-velocity was below the noise floor at all frequencies. The mechanically clamped configuration of the basilar membrane allowed the impedance of the organ of Corti to be investigated without the influence of the basilar membrane.
Impedance measurements typically began 40 min after sacrifice of the animal. An impedance measurement at one radial position required ;4 min; 40 min were required for measurements at all radial positions. In control experiments, the impedance was repeatedly measured during a time span of 80 min-no significant change in impedance was observed. All experiments were carried out at controlled room temperature (20-22°C).
RESULTS
Impedance was measured from 30 cochleae, each from a separate animal. One longitudinal location was examined in each cochlea. Measurements were made at up to eight radial positions (Fig. 3 ). Data were pooled from three longitudinal regions along the cochlea: 3.8-4.5 mm (N ¼ 9), 7-8 mm (N ¼ 12), and 12-13 mm (N ¼ 9) from the round window. Figs. 4-6 show typical examples from these three longitudinal regions for impedances measured at three different radial positions on the reticular lamina.
A Voigt-Kelvin viscoelastic description of impedance
Data from the organ of Corti could be consistently described by the impedance of a generalized Voigt-Kelvin viscoelastic material; that is with spring in parallel with a dashpot, for which Z ¼ k/(iv) 1 m, with spring constant k and viscosity m. The generalization was obtained by choosing the viscosity to be complex-valued, m ¼ m# -im$, such that real, <, and imaginary, =, components of Z have the frequency dependence of <ðZÞ ¼ m# ¼ c 1 v 2 1 c 2 1 c 3 expðÿc 4 vÞ and
where c 1 . . .c 5 and k are real-valued parameters, independent of frequency. Obviously, the organ of Corti at any place along the cochlea is not as homogeneous as implied by this model: it is a mechanically complicated biological structure with fluidfilled channels (Fig. 3) . Instead, the model is empirical, intended to mathematically describe the data in an analytical form, suitable for future development of biophysical models of the entire cochlea.
In the first step of the fitting procedure, the model Eq. 8 was fitted to the data with all parameters free. If one or more of the parameters c 1 , c 2 , k, or c 5 were not statistically significant, they were successively set to zero and the fitting algorithm repeated. If either or both c 3 or c 4 were not statistically significant, the exponential term was removed from the model in Eq. 8, and the fitting algorithm then repeated. This procedure prevented the occurrence of physically meaningless parameters. The values k and c 2 were always significant; c 1 and c 5 were significant with a few exceptions; and c 3 and c 4 were significant in approximately half of the cases around the tunnel of Corti, but zero otherwise. In the collated data given in Tables 1-3, the parameters that were not significant were treated as zero with the exception of c 4 : if the exponential term was not used, c 3 was set to zero, but c 4 was excluded from the estimation of mean values. Average values of the fitted parameters for the three cochlear turns are plotted in Fig. 7 .
In general, the impedance results can be characterized as follows. The real (or frictional) part exhibits a monotonic decrease proportional to v ÿ2 , followed by a region of reduced slope between 2 and 5 kHz (particularly evident in Fig. 5) , and asymptotes to a constant positive value toward 40 kHz. (Here it should be emphasized that we use the word ''asymptote'' rather liberally-it simply refers to the observation that the impedance component is constant at high frequencies, up to at least the maximum measurement frequency of 40 kHz. Assertions about a true asymptote would require measurements to at least an octave above the highest physiologically relevant frequency for the tissue; namely, at least 90 kHz for the extreme basal region of the guinea-pig cochlea.) The exponential term in <(Z) was introduced to model the region of reduced slope. Both the quadratic decrease and the region of reduced slope were most prominent at the tunnel of Corti and the adjacent positions (inner hair cells and first-row outer hair cells), and were less obvious for recording locations away from the tunnel of Corti. The imaginary (or storage) part exhibits a decrease proportional to v ÿ1 , which asymptotes to a constant, (usually) negative offset at high frequencies. The proportionality constant of the former is equivalent to the spring constant k, and the latter represents the imaginary component, m$, of the viscosity.
Dominance of the real component near CF
At low frequencies, the magnitude of the imaginary component was larger than the real component; on average, a factor of 2.5, 2.8, and 2.9 larger at 500 Hz for outer hair cells of the first, second, and third turns, respectively. However, the ratio eventually reversed with increasing frequency, so that in the first and second turns, at the . Stiffness of cantilever, 1.59 N/m. At frequencies below ;2 kHz, the SNR was approximately half that for the more basal recordings in Figs. 4 and 5, because the cantilever was stiffer and, in addition, the magnetic force was 70% of that for the softer cantilever. All units are SI. characteristic frequency (CF) of the recording location, the real part was greater than the imaginary part; on average, 1.7 and 1.5 for outer hair cells of the first and second turns, respectively. In the third turn, at CF, the real part remained smaller than the imaginary part by a factor of 0.8. The crossover frequency, where both have equal magnitude, was located 2.9 and 0.9 octaves below CF for the first and second turns, respectively, and 0.8 octave above CF for the third turn.
This experimental result compares with a model by Nobili and Mammano (1996) , which proposes that enhanced frequency selectivity, particularly in the basal half of the cochlea, requires that at CF the viscous forces transmitted by the Deiters' cells and outer hair cells are greater than the elastic forces.
Absence of an inertial component
Positive values for the imaginary component, which are indicative of an inertially dominated impedance at high frequencies, were found only in two cases: on the outer tunnel and Hensen's cells in the third turn of the cochlea (Table 3) . In all other cases, =(Z) # 0 up to 40 kHz. To verify that the measurement method can actually detect an inertial component, the impedance of a second cantilever was measured in place of the organ of Corti. The expected impedance with a positive imaginary (inertial) part at high frequencies was found. Therefore, we conclude that, except for the outer tunnel and Hensen's cells in the third turn, the mass of the organ of Corti has physically insignificant effect on its dynamical behavior in the transverse direction up to at least 40 kHz.
Spatial dependence of the mechanical parameters
The magnitudes of both the real and the imaginary parts of the impedance were greatest above the tunnel of Corti and decreased toward the Hensen's cells and the inner sulcus (Fig. 7) . This radial position of maximum stiffness is consistent with the triangular structure of the pillar cells spanning the region between basilar membrane and reticular lamina, with their cytoskeletons reinforced by microtubules (Slepecky, 1996) . The stiffness of the basilar membrane is also known to be largest at the outer pillar cell (Naidu and Mountain, 1998) .
The stiffness of the organ of Corti decreased from base to apex of the cochlea; the ratio of the stiffnesses was less than a factor of 2 (Fig. 7) . This relatively small longitudinal variation of the compressional stiffness of the organ of Corti contrasts with the situation for the basilar membrane, where the (bending) stiffness decreases by two orders of magnitude (HeC) . N gives the number of measurements used for calculating the average. The subscript on the value of c 4 gives the number of measurements, for which both c 3 and c 4 were significantly different from zero, and the exponential term was consequently included. If the exponential term in Eq. 8 had to be omitted, c 4 is meaningless, which is indicated by *; c 3 was set to zero in this case. All units are SI. Acronyms and notations as in Table 1 .
from base to apex (von Békésy, 1960; Naidu and Mountain, 1998) . The stiffness of the organ of Corti measured at the tunnel of Corti (0.3-0.5 N/m in Fig. 7 ) is comparable to basilar membrane stiffness at the outer pillar cells reported by Naidu and Mountain (1998) for the apical region of the (gerbil) cochlea. In other words, the compressional stiffness of the organ of Corti does not contribute significantly to the mechanical impedance of the cochlear partition in the basal region of the cochlea. This result supports an assumption in a viscoelastic model by Nobili and Mammano (1996) -namely that the cochlear amplifier stiffness, k m , defined in that article, which is equivalent to the stiffness, k, measured by us at the outer hair cells, appreciably contributes to the cochlear partition stiffness only in the apical region of the cochlea. When mean parameter values at different radial positions of one longitudinal region are compared, all pairs of c 1 , c 2 , k, and c 5 are highly correlated (Table 4) . This implies that they might not be as independent as our empirical viscoelastic model suggests, but could be derived instead from a suitable physical model of the organ.
There was no significant correlation between parameter pairs from different preparations at the same radial and longitudinal recording locations. This is simply explained by Acronyms and notations as in Table 1 . Notice the negative values for c 5 on the outer tunnel and Hensen's cells-this indicates a measurable inertial component.
FIGURE 7 Mean parameter profiles across the organ of Corti for the three longitudinal regions of the cochlea: n, 3.8-4.5 mm; d, 7-8 mm; and ,, 12-13 mm. (A) c 1 , the proportionality constant describing the quadratic decrease of <(Z) at low frequencies; (B) c 2 , the high-frequency value of <(Z); (C) k, the stiffness; (D) c 5 , the high-frequency value of -=(Z). To make the different regions comparable, the radial positions are set to equidistant intervals rather than true distance. Notice that the tunnel of Corti presents the stiffest component, and that its stiffness becomes progressively larger toward the base of the cochlea. Error bars are not shown because the standard deviations were in most cases smaller than the radius of the plot symbols. Acronyms as in Table 1 .
the observation that the inter-animal scatter of parameter values was of the order of the standard deviations of the parameter estimates, which in turn were also small (e.g., for k, the coefficient of variation was typically 2-4% at the outer hair cells).
Qualitative observations
Apart from the quantitative results, the following qualitative observations were made. When the tunnel of Corti was compressed in the transverse direction by moving the tip of the cantilever 10 mm beyond the point of initial contact, the visually observable deformation of the reticular lamina extended radially from the inner hair cells to the third row outer hair cells, and longitudinally along the tunnel of Corti for at least 50 mm. Since this is a static displacement, the coupling cannot be mediated by the fluid, but represents a property of the solid structure. This is in agreement with findings of other authors: Naidu and Mountain (2001) displaced the basilar membrane with a point probe and measured deflection in the neighborhood of the probe. They found space constants for the longitudinal coupling of 16.7-56.9 mm from base to apex, respectively. Richter et al. (1998) measured the response of the basilar membrane to a displacement pulse applied on a certain longitudinal position in the so-called hemicochlea preparation. They found a longitudinal decrease in basilar membrane vibration amplitude of 58 dB/mm, which corresponds to a space constant of 150 mm. Moreover, in our preparation, the further away the cantilever tip was situated from the pillar heads, the more local the deformation was. Inner sulcus and Hensen's cells were so soft that pushing the cantilever so far toward the reticular lamina that its tip penetrated the cell membrane and its flat part touched the cells, still led to an extremely localized deformation, extending ,15 mm around the cantilever, whereas the cells appeared to wrap around it. Therefore, it seemed as if the pillar cells form a rigid longitudinal beam, surrounded by tissue, which becomes increasingly softer in the radial direction.
DISCUSSION
The impedance measured in this study is the compressional impedance of the organ of Corti. It is compressional because the basilar membrane was mechanically clamped, the velocity of the reticular lamina being measured in response to an applied (point) force. These are the first measurements of its kind. The expression describing the frequency dependence of the impedance (Eq. 8) was empirically chosen to reproduce mathematically the data in analytical form. Only the stiffness parameter, k, can be interpreted physically. The other parameters, c i (i ¼ 1, . . . ,5), define the so-called viscous element of the Voigt-Kelvin model. It should be emphasized, however, that the c i will not necessarily be defined by viscous material properties alone, but also by other material properties, such as Young's moduli and fluid density, as well as geometry. The usefulness of this empirical description lies in its ability to supply components for and properties of biophysical models of the organ of Corti. For example, one of the salient features of the data, or equivalently of the analytical expression, was that the point impedance is purely viscoelastic; that is, for force applied at a point on the organ of Corti, there is no inertial component of vibration. The biophysical consequence of zero inertia, together with the magnitudes of the viscous and stiffness components, is the subject of the last section of the Discussion.
Stiffness
The compressional impedance measured in these experiments should not be confused with the impedance of the cochlear partition, or as it is sometimes called, the impedance of the basilar membrane. That impedance is derived from the displacement (or velocity) of the basilar membrane in response to an applied force (or pressure) at its tympanic surface, without mechanical constraint of the upper (vestibular) surface of the partition. The stiffness component of the cochlear partition impedance has been numerously measured since the original work of von Békésy (1960) , both in vitro (Gummer et al., 1981; Miller, 1985; 1.00 1.00 1.00
Pairs were taken from one longitudinal region and the correlation coefficient calculated for the eight radial positions. Correlation matrices from all three longitudinal regions are included in this table. The values c 3 and c 4 are omitted because they describe a region of reduced slope, which was found mainly, although not exclusively, for recordings at the tunnel of Corti. All correlation coefficients are significantly different from zero.
1998) and in vivo (Olson and Mountain, 1991; Olson, 2001 ); it appears to derive from the bending stiffness of the cochlear partition, as originally postulated by von Békésy (1960) . This stiffness is reduced after removal of the organ of Corti (Naidu and Mountain, 1998) . The compressional stiffness of the organ of Corti decreases by a factor of two from base to apex (Fig. 7) , whereas the stiffness of the cochlear partition decreases by two orders of magnitude (von Békésy, 1960; Naidu and Mountain, 1998) ; the two impedances are of similar magnitude only in the apical part of the cochlea. The compressional impedance is an important component of the ''cochlear amplifier impedance'' (Nobili and Mammano, 1996) : these authors predicted that only in the apical region is the compressional stiffness of the organ of Corti comparable in size to the bending stiffness of the cochlear partition. Our experiments support this prediction. The stiffness measured at the second row outer hair cells was a factor 4-10 larger than that of isolated outer hair cells Frank et al., 1999; Hallworth, 1995; Iwasa and Adachi, 1997) . That is, the mechanical components and structure of the organ of Corti appear to increase the stiffness at the outer hair cells relative to that for the isolated cell.
The stiffness measured at the tunnel of Corti was at least a factor of 40 smaller than the axial stiffness of isolated outer pillar cells estimated from the data of Tolomeo and Holley (1997) , and at least a factor of 400 larger than their measured (midpoint) bending stiffness. (Tolomeo and Holley found the outer pillar cell to be composed of approximately equal numbers of cross-linked microtubules and actin filaments extending along the length of the cell. Based on 2000 microtubules, on average, with inner and outer diameters, respectively, of 17 nm and 30 nm, they estimate Young's modulus from bending experiments to be ;2 GPa for the microtubules. Assuming that the microtubules are isotropic and uncoupled, and obey Hooke's law, with each extending along the entire length of the cell (92 mm) and undergoing equal axial strain, then we estimate that a compressive uniaxial force experiences an axial stiffness of 21 N/m. This estimate may be taken as a lower limit for the axial stiffness. Inclusion of an equal number of actin filaments, with a diameter approximately one-fifth that of microtubules (Tolomeo and Holley, 1997) , and Young's modulus of ;3 GPa (Gittes et al., 1993) , would contribute an additional 2 N/ m. Cross-linking might further increase the axial stiffness.) Due to the similar microstructure of outer and inner pillar cells (Tolomeo and Holley, 1997) , their corresponding axial stiffnesses are likely to be comparable. Therefore, the deformation of the triangular structure of the tunnel of Corti by a point load on the pillar heads, as was the situation in our experiments, appears to cause mainly bending of the pillar cells, rather than compression. This is consistent with the more general observation in the literature, that microtubules are almost inextensible, the compliance of cells being due primarily to filament bending or sliding between filaments (Gittes et al., 1993) . Finally, resistance to bending by this triangular structure appears to be greater than for the isolated pillar cells.
Contact versus noncontact impedance measurements
The distance between sample and cantilever in the noncontact case has consequences for the in situ calibration: if it is too large, the hydrodynamics of the fluid surrounding the cantilever will be that of an infinitely extending fluid rather than that with a nearby surface, and the calibration procedure of Equivalent Impedance and Force Calibration (see above) becomes obsolete. On the other hand, as the cantilever approaches the sample, surface fluid coupling between the two increases gradually rather than abruptly, so that the impedance (and we looked especially at the phase) changed only gradually from the noncontact value to the contact value. This meant that according to the continuous monitoring of impedance phase, there was no definite point of contact. Indeed, the contact condition was defined visually as the point at which the surface was depressed ;1 mm by the cantilever tip (see Materials and Methods) . For the purpose of determining the noncontact impedance, we found that a distance of ;13 mm between sample surface and cantilever tip yielded a fluid coupling that was strong enough for the in situ calibration, but small compared with the coupling in the contact case.
The question arises as to what extent the pre-stress of the preparation due to the presence of the cantilever tip (1-mm compression) has significant consequences for the results. To resolve this issue, we conducted a series of measurements at different distances from the sample. The result was that once a reliable contact had been established, a further approach (meaning stronger pre-stress) of up to 3 mm did not change the measured impedance. This suggests that the experiments were conducted under linear mechanical conditions. Further evidence for linearity derives from the velocity spectra: second and higher order harmonics were always at least 30 dB below the fundamental amplitude and disappeared in the noise for most frequencies. Linear conditions are also consistent with the small standard deviations of the stiffness estimates and the small standard deviations of the stiffness populations at given radial and longitudinal positions. The latter are not shown in Fig. 7 , because in most cases they were smaller than the radius of the plot symbols. Finally, with a total sample thickness of ;100 mm in the first cochlear turn, a compression of 1 mm yields a strain of 1%. (Using confocal microscopy of unfixed preparations, we found distances between basilar membrane and reticular membrane at the tunnel of Corti of ;100 mm both in the first and second turn, and 180 mm in the third turn. This distance increases toward Hensen's cells in the second and third turns.) From experiments with isolated outer hair cells, inner and outer pillar cells, and Deiters' cells, we have found that these cells do not exhibit buckling for strains up to at least 10% (data from a separate set of experiments, not illustrated here). Furthermore, when the cantilever tip is retracted, the upper surface of the organ returns to its original position. It is, therefore, unlikely that this relatively small pre-stress of the organ of Corti caused buckling or strain-hardening. In summary, we can safely conclude that the required pre-stress was sufficiently small to ensure linear mechanical conditions and that the measured impedances represent those of the unloaded organ of Corti.
Biophysical significance for cochlear amplification
It is noteworthy that the imaginary part of the impedance almost never became positive, not even at the highest frequency of 40 kHz. This means that the inertial component in the transverse direction was overwhelmingly dominated by the stiffness and/or by the negative imaginary part of the viscosity, so that most of the organ of Corti moved like a purely viscoelastic material at all physiologically relevant frequencies. The only exceptions to this rule were the outer tunnel region and the Hensen's cells in the third turn of the cochlea.
This has important consequences for cochlear amplification: displacement x of the cuticular plates is related to the electromechanical force F generated by the outer hair cells by x ¼ F/(ivZ), where Z is the impedance of the organ of Corti, which we have presented here. If Z were dominated by an inertial term due to mass, m, at high frequencies Z ivm, then for constant force stimulation the displacement amplitude would decrease in proportion to v ÿ2 , or equivalently with 12 dB/octave. However, if the load impedance driven by the electromechanical force of the outer hair cells is purely viscoelastic, then Z m at high frequencies. Since m decreased only slightly above 6 kHz (1.2 dB/octave), this means that the displacement amplitude decreases by only 4.8 dB/octave. Indeed, for the basal region of the cochlea, where frequency selectivity and sensitivity are greatest (for review see Robles and Ruggero, 2001) , we found that between 480 Hz and 40 kHz the magnitude of the complex compliance 1/(ivZ), which is the transfer function between force and displacement, decreased by only 20 dB and the phase shifted from ;ÿ25°to only ÿ70°for all rows of outer hair cells (calculated as the phase of Z using Eq. 8, with parameters from Table 1 ). That is, without tectorial membrane, the mechanical load on the outer hair cells causes only a 10-fold decrease in their electromechanical displacement responses between low and high frequencies.
The tectorial membrane constitutes an additional point load on the stereocilia of the outer hair cells. What effect does this have on the interpretation of our results? To answer this we note that this load will be elastic at low frequencies and either frictional or inertial at high frequencies. For the second cochlear turn of the gerbil in vivo, Zwislocki and Cefaratti (1989) find a transverse stiffness of a 200-mm-long piece of tectorial membrane of 0.125 N/m. (Note that here we only consider a stiffness defined by the ratio of force to transverse displacement of the whole tectorial membrane in situ, attached to the spiral limbus, and detached from the stereocilia. Zwislocki and Cefaratti (1989) consider their previous results in Zwislocki (1988) as ''qualitative.' ' Abnet and Freeman (2000) measured the longitudinal and radial, but not the transverse, stiffness. In the results of von Békésy (1960) , the physiological state of the tectorial membrane is questionable, because it is known to be sensitive to the ionic environment; see Edge et al., 1998; Freeman et al., 2003b; Kronester-Frei, 1979; Shah et al., 1995 .) The load is inertial above its resonant frequency-;2.5 kHz in the transverse direction for the second cochlear turn of the gerbil. (The inertial impedance of a cuboid piece of tectorial membrane of length 200 mm, width 112 mm, and thickness 22 mm-see Zwislocki and Cefaratti, 1989 -with a density of 1 g/ cm 3 -that is, if the gel matrix is neglected; see Freeman et al., 2003a-was set equal to the elastic impedance of a spring of stiffness 0.125 N/m, to calculate the resonant frequency.) In this turn of the gerbil cochlea, the characteristic frequency is 3-8 kHz (Müller, 1996) , implying that the transverse impedance of the tectorial membrane is inertial for the frequency selective region of basilar membrane motion. Moreover, due to the flat geometry of the tectorial membrane, the fluid forces acting upon it in the transverse direction will be much larger than in the radial direction. Therefore, using this gerbil data as an indicator and the fact that the density of the tectorial membrane and the surrounding fluid are similar, it is conceivable that for frequencies of cochlear amplification the tectorial membrane follows the motion of the surrounding fluid in the transverse direction. Consequently, if the pressure on the tectorial membrane toward scala tympani is in phase with a contractile force of the outer hair cells, the impedance of the organ of Corti could be (partially) compensated by the force of the tectorial membrane on the stereocilia of the outer hair cells.
The finding that in the first two cochlear turns the real part of the impedance is larger than the imaginary part at CF nicely concurs with the viscoelastic model proposed by Nobili and Mammano (1996) for cochlear amplification. Their hypothesis is that the attenuation and phase delay of the receptor potential relative to stereocilia displacement, and consequently of the electromechanical force, caused by the electrical time constant of the basolateral membrane of the outer hair cell, is compensated by the combined viscoelastic action of the outer hair cell and its supporting Deiters' cell. Indeed, the Mammano group (Lagostena et al., 2001) has since shown that the electromechanical action of the outer hair cell causes motion of its supporting Deiters' cell (together with its nearest neighbors). To compensate for the electrical time constant, their model requires that the viscous force be greater than the elastic force at CF; the required ratio is ;33 at the 4.5-mm point, 16 at the 7.5-mm point, and 8 at the 12-mm point. (Note we calculated these ratios as follows: Using the notation of Nobili and Mammano (1996) , we denote the combined viscosity of the outer hair cell and its Deiters' cell by h m (x), and their combined stiffness by k m (x). The resulting mechanical filter is highpass with 3-dB (radial) frequency of v m (x) ¼ k m (x)/h m (x). The electrical filter, whose time constant is to be compensated, is lowpass with 3-dB (radial) frequency denoted by v c (x). The dependence of this latter frequency on cell-length was determined directly by Preyer et al. (1996) from the frequency spectrum of the whole-cell receptor potential in response to displacement of the stereocilia; it decreases by 0.058 octave/mm cell-length, beginning with a value of 546 Hz for a length of 20 mm. Then we invoke the assumption made by Nobili and Mammano (1996) that v m (x) ¼ v c (x); that is, the highpass filter completely compensates the lowpass filter. Then, at CF the magnitude ratio of the viscous force to the elastic force must be equal to CF/f c , where f c ¼ v c /(2p). Using the tonotopy measured by Tsuji and Liberman (1997) , the required ratios at the 4.5-mm, 7.5-mm, and 12-mm points are, respectively, 33, 16, and 8.)
Experimentally, we found the real part of the impedance to be approximately twice the imaginary part at CF in the first two cochlear turns; they were approximately equal in the third turn. The discrepancy between experiment and model is mainly due to the model values of stiffness assumed for the combination of outer hair cell and Deiters' cell being approximately an order-of-magnitude smaller than our experimentally observed stiffness values for the organ of Corti. Thus, using their assumed values of cochlear-partition viscosity, h(x), with h m (x) h(x)/1.33, we calculate viscosities of 0.27 3 10 ÿ5 Ns/m at all points along the cochlea; this is a factor of 2-3 smaller than our measured values (mean c 2 -data at the second row outer hair cell in Fig. 7) . Fluid viscosity within the organ of Corti, which was not included in their model, might account for the difference between theory and experiment. The stiffness values derived from the assumption that v m (x) ¼ v c (x), with k m (x) ¼ v m (x)h m (x), are factors-of-9 and -17 smaller than our measured values at the 7.5-mm and 4.5-mm points, respectively (mean k-data at the second row outer hair cell in Fig. 7) . Again, embedding of the cells within the structure of the organ of Corti might explain this difference, the experimentally observed stiffness at the outer hair cell in situ being larger than expected from model calculations with an isolated combination of outer hair cell and Deiters' cell.
Given all the assumptions involved in the theoretical and experimental analyses of this complicated system, the agreement between theory and experiment is encouraging; namely, that viscoelasticity at CF is of paramount importance for cochlear amplification.
CONCLUSION
We have demonstrated that this novel measurement technique works reliably up to at least 40 kHz, yielding reproducible results for a biological structure surrounded by fluid. The technique allows determination of the compressional mechanical impedance of the organ of Corti at all auditory frequencies. An empirical model yielded parameters relevant for a biophysical understanding of cochlear amplification.
APPENDIX
Equations describing the cantilever vibration (from Sader, 1998 and Scherer et al., 2000) , which are used in Materials and Methods, are reproduced here for completeness.
The Fourier-transformed differential equation for the cantilever in fluid relates the deflection of the cantilever, Ŵ , with the scaled external forces, ŝ. Both depend on the scaled coordinate along the cantilever, j, and the radial frequency, v, as where V(v) is an empiric correction function found by Sader (1998) 
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